1. Intracellular in vitro recordings were made from 771 cells from the spiral modiolar artery (SMA). The initial resting potentials (RPs) displayed a bimodal distribution that was well modelled as a mixture of two Gaussian distributions. About half of the cells had an average RP of _74 mV, and were termed high-RP cells, whereas the other half had an average RP around _41 mV, and were termed low-RP cells. Preparations that were incubated for longer than 24 h contained significantly more high-RP cells than those incubated for less than 8 h.
2. When labelled with the fluorescent dye propidium iodide, 68 and 36 cells were identified as smooth muscle cells (SMC) and endothelial cells (EC), respectively. The RP and input resistance were not significantly different between these two types of cell. Dye coupling was observed only in ECs. Dual cell recordings with 0.2-1.0 mm separation demonstrated the simultaneous existence of high-and low-RP cells and a heterogeneous low-strength electrical coupling.
3. The high-RP cells were depolarized by ACh and by high extracellular potassium concentration (high K + ). The low-RP cells were usually hyperpolarized by moderately high K + (7.5-20 mM) and by ACh. The high K + -induced hyperpolarization was suppressed by barium (Ba 2+ , 10-50 µM). The putative gap junction blocker 18b-glycyrrhetinic acid suppressed the ACh-induced responses in SMCs, but not in ECs.
4. Low-RP cells could rapidly shift the membrane potential to a permanent high-RP state spontaneously or, more often, after a brief application of hyperpolarizing agents including high K + , ACh, nitric oxide and pinacidil. Once shifted to a high-RP state, the responses of these cells to high K + and ACh became similar to those of the original high-RP cells.
5. High-RP cells occasionally shifted their potentials to a low-RP state either spontaneously or after a brief application of 10-50 µM Ba 2+ or 100 µM ouabain. Once shifted to the low-RP state, the response of these cells to high K + and ACh became a hyperpolarization. The shift between high-and low-RP states was largely mimicked by wash-in and wash-out of low concentrations of Ba
2+
. The shift often showed a regenerative process as a fast phase in its middle course.
6. It is concluded that the cochlear SMA in vitro is composed of poorly and heterogeneously coupled SMCs and ECs, simultaneously resting in one of two distinct states, one a high-RP state and the other a low-RP state. The two RP states are exchangeable mainly due to all-or-nonelike conductance changes of the inward-rectifier K + channel.
pressurized to about 60 mmHg (Dietrich & Dacey, 1994; Knot & Nelson, 1995) , and arteries in in vivo conditions (Welsh & Segal, 1998) , the RP of the SMC is about _40 mV.
Potassium (K + ) channels, like in most other excitable and non-excitable cells, constitute a major part of the resting membrane conductance in the vascular SMCs and endothelial cells (ECs). The main K + channel types, including voltage-dependent delayed-rectifier (K DR ), calcium-activated (K Ca ), A-like (K A ), inward-rectifier (K ir ) and ATP-sensitive (K ATP ) K + channels, have all been identified in blood vessel SMCs (Nelson et al. 1990; Quayle et al. 1997; Faraci & Sobey, 1998) and some in ECs (Chen & Cheung, 1992; Zhang et al. 1994; Suvatne et al. 2001) . However, their expression levels and functional roles vary significantly among the vessel beds. For example, it is reported that K ir is a dominating resting conductance that makes a major contribution to setting the RP in some submucosal, coronary and cerebral arteries Quayle et al. 1993; Knot et al. 1996) . On the other hand, K ir has been found to play little or no role in setting of the RP in the rabbit renal arcuate artery (Prior et al. 1998) , pulmonary artery (Bae et al. 1999 ) and most big arteries (Quayle et al. 1997 ).
Circulation disturbances have been implicated in hearing losses caused by loud sound, ageing, Meniere's disease, some forms of sudden deafness (Hultcrantz, 1988; Schuknecht & Gacek, 1993; Suzuki et al. 1998) and in increased sensitivity to ototoxic drugs and noise-induced trauma (Kimura, 1986) . Little work has been done regarding the physiology of the inner ear vasculature, particularly at the cellular and subcellular levels. The cochlear spiral modiolar artery (SMA) conducts the major blood supply of the cochlea. Using an isolated guinea-pig SMA preparation and conventional intracellular recording methods, over the last few years we have begun to explore the cellular electrophysiology of the vasculature (Jiang et al. 1999) . The guinea-pig SMA has a diameter of 20-80 µm and one to two layers of SMCs, which are densely innervated by catecholamine-containing fibres. The majority of the vascular cells have a barium (Ba 2+ )-sensitive RP near _80 mV and an input resistance of ~8 MΩ, suggesting the presence of K ir and an electrical coupling between the cells. Here, we report further that both the SMCs and ECs in the in vitro SMA rest at two distinct but exchangeable levels of membrane potential due to all-or-non-like activation of K ir . Preliminary results from these studies have appeared in two meeting abstracts (Jiang & Nuttall, 2000a,b) .
METHODS

Animals and SMA preparation
Guinea-pigs (300-500 g) were killed by exsanguination under general anaesthesia. The anaesthesia was accomplished by I.M. injection of an anaesthetic mixture (1 ml kg _1 ) of ketamine (500 mg), xylazine (20 mg) and acepromazine (10 mg) in 8.5 ml water. Both bullae were rapidly removed and transferred to a Petri dish filled with a physiological solution (Krebs) composed of (mM): NaCl 125, KCl 5, CaCl 2 1.6, MgCl 2 1.2, NaH 2 PO 4 1.2, NaHCO 3 18 and glucose 8.2, and saturated with 95 % O 2 and 5 % CO 2 at 35°C (pH 7.4). The SMA and some associated radiating arterioles were dissected from the cochlea and incubated for 0.5 h (1st day preparation) or 24 h (2nd day preparation) in the physiological solution, and then transferred to a recording bath chamber for electrophysiological experiments over the next 6-8 h. A segment of the SMA was further dissected free of spongy connective tissues, pinned with minimum stretch to the silicon rubber layer (Sylgard 184, Dow Corning, USA) in the bottom of an organ bath (volume 0.5 ml), and superfused continuously with Krebs solution at 35°C. When needed, high K + (10-50 mM) Krebs solution was made with additional KCl and accordingly reduced NaCl. The animal use procedures were approved by the Oregon Health and Science University Animal Care Committee.
Intracellular recording and statistics
Intracellular recordings were made from the proximal SMA of the cochlear base turn to the second turn. Vessel segments were about 5 mm long and 50-80 µm in outside diameter. Microelectrodes were filled with 2 M KCl and had a tip resistance of 50-120 MΩ. Intracellular penetration was obtained by blindly advancing the glass electrode into the adventitial surface of the vessel with the aid of a micromanipulator (MP-1 Narishige, Japan). Transmembrane potential and current were monitored simultaneously by an Axoclamp-2B preamplifier (Axon Instruments, USA). Electrical signals were recorded on a pen recorder (0-60 Hz) and/or a PC computer equipped with Axoscope 8 and pCLAMP 6 software (Axon Instruments) using sampling intervals of 0.1, 0.5 or 10 ms.
Intracellular current injection was carried out via the recording electrode by using the preamplifier, on which the bridge circuit was carefully balanced. The criteria used to identify a successful intracellular penetration were: (1) advancing the electrode caused a sudden jump of the voltage trace from zero to a negative value of no less than _30 mV, with the latter lasting no less than 5 min, (2) application of a high K + (10 mM) solution caused a reversible depolarization or hyperpolarization (Figs 3 and 4), and (3) dislocation or withdrawal of the electrode caused a voltage jump back to near zero. The RP was determined by the initial and/or the end voltage jump. The input resistance was estimated by measuring the steadystate membrane potential induced by a 0.2-0.5 nA, 500-1000 ms hyperpolarizing current pulse ( Fig. 7A and B ). An average of 5-10 sweeps was often used to improve the signal-to-noise ratio.
The RP data were modelled as a mixture of two Gaussian distributions with parameters estimated through maximum likelihood (Everitt & Hand, 1981; Fig. 2) . Likelihood ratio tests were used to compare model parameters across different sets of data (Casella & Berger, 1990) . These statistical computations were performed using O-Matrix 4.0 (Harmonic Software). Statistical values are expressed as means ± S.E.M.
Identification of SMCs vs. ECs
Some of the intracellularly recorded cells were dye-labelled with a method reported previously (Emerson & Segal, 2001 ) to identify the cell types. Briefly, the sharp electrodes were tip-filled with the fluorescent dye propidium iodide (1 % in 2 M KCl) and back-filled with 2 M KCl. After a stable RP recording for 3-5 min, depolarizing pulses (0.5 nA, 20 ms, 16 Hz for 2 min) were applied to facilitate the dye diffusion. The SMA preparation was mounted in Vectashield (Vector Laboratories) with a coverslip for fluorescence microscope examination (Zeiss, Axiovert 35 equipped with a digital camera, and Metamorph software on a PC computer). The specimen was viewed and photographed in fluorescence mode to visualize the stained nucleus ( Fig. 1A and C) or in combination with the phase-contrast mode for a simultaneous vessel image (Fig. 1B and D) .
Drugs and application
Drugs at known concentrations were applied to the bathing solution. The solution that passed through the recording chamber could be switched, without a change in flow rate or temperature, to one that contained a drug or one of different ionic composition. The drugs used in this study were: ACh, atropine, pinacidil, 8-bromo-cAMP, cAMP Rp-isomer (Rp-cAMPS), charybdotoxin, apamin, L-NAME, 4-aminopyridine (4AP), 18b-glycyrrhetinic acid (18bGRA), ouabain, glipizide (all from Sigma-Research Biochemicals), and DPTANONOate (Alexis, USA).
RESULTS
General observations and identification of the cell types Stable intracellular recordings were made successfully in more than 700 cells randomly penetrated along the segments of the proximal half of 285 SMAs from either side. The recordings lasted from 5 min to 6.5 h.
With the electrode pipette solution containing the fluorescent dye propidium iodide, of the 104 cells examined after electrical recording, 68 were identified as SMCs and 36 as ECs (Fig. 1) . The nuclei of recorded cells regularly show strong orange-red fluorescence. The type of the recorded cell could be distinguished unambiguously by the following features (Emerson & Segal, 2001) . The nuclei of SMCs were rod shaped and oriented circumferentially to the vessel ( Fig. 1A and B) . Multiple SMC staining (dye coupling) after a single SMC penetration was rare (n = 2). On the other hand, one or more additional nuclei of ECs were often less intensely stained after a single EC penetration (19 out of 36, Fig. 1B  and D) . The EC nuclei were mostly fusiform or rod shaped. The ECs were consistently oriented parallel to the vascular axis. Dye coupling between the SMCs and ECs was never observed. The electrical membrane properties of the SMCs and the ECs were generally not distinguishable from each other (see below and Fig. 2 ). We henceforth pool them together unless specified otherwise.
Two sets of normal distribution of initial RPs
The initial RP of the recorded cells in the SMA was measured in a normal Krebs solution (5 mM K + ) 5-10 min after cell penetration and membrane potential stabilization. The 5 mV bin histogram of the initial RP levels of 771 cells exhibits a bimodal distribution with a trough between _55 and _64 mV ( Fig. 2A) . The RP data were modelled as a mixture of two Gaussian distributions through maximum likelihood (curve in Fig. 2A ; Everitt & Hand, 1981) measurements and those predicted from the mixture model is exceptionally high (r = 0.998). The population that peaked at a high negative value had a mean RP of _74 ± 0.46 mV, while the second population had a mean RP of _41 ± 0.52 mV. Cells belonging to the first theoretical Gaussian population (mean at _74 mV) are thus termed 'high-RP cells', while those from the second population (mean at _41 mV) are referred to as 'low-RP cells'. About 52 ± 2 % of the total sample were high-RP cells, with the remainder (48 %) being the low-RP cells.
Several tests were carried out to address whether the low RP in a group of cells was due to mechanical reasons, such as preparations being partially damaged by dissection, or electrodes being poorly sealed with the membrane or localized in an isolated compartment of the cell. It was found that cells with low-and high-level RPs could usually be recorded simultaneously in the same preparations, physically quite close to each other (0.1-1 mm; Fig. 9C , n = 13), or consecutively only 1-2 min apart (n > 10). Many deliberate micrometre movements of the electrode in three axes resulted in either no significant change in the RP or dislocation from the cell, but never caused a fast change of the RP from one level to another. In addition, the input resistance of low-RP cells was 17.1 ± 6.88 MΩ (n = 10, Fig. 7A ), which is about two times the value measured from high-RP cells (8.8 ± 4.52 MΩ, n = 11). Finally, many low-RP cells exhibited a long-lasting recording time (> 30 min, n > 30) and always responded to ACh or elevated extracellular K + concentration (high K + ) with a robust and reversible hyperpolarization (see below), suggesting a good quality of recording.
According to the time elapsed from vessel isolation to electrical recording (in vitro incubation time), these data from 771 cells were separated into two groups: one had an incubation time of 0.5-8 h (1st day cells, n = 591) and the other had an incubation time of 24-32 h (2nd day cells, n = 180). Analysis of each group revealed a bimodal distribution that closely resembled that from the combined data (Fig. 2B ). The average (± S.D.) membrane potentials for the high-and low-RP cells did not differ significantly across days (P > 0.05 for each case, likelihood ratio test; Casella & Berger, 1990) . However, the 2nd day preparation produced a significantly higher proportion of high-RP cells than the 1st day preparation. Of the cells in the 1st day preparation, 48 % belonged to the high-RP group, compared to 69 % of the cells from the 2nd day preparation (P < 0.001).
To define the individual cells in the RP classes, we used _57 mV as a convenient boundary, as the mixture function attains a minimum between the two peaks at _57 mV. This will theoretically lead to a misclassification of a small portion of the cells (0.8-1.3 %) that fall into the overlapping area of the two Gaussian curves. Using this criterion, of 72 dye-identified cells, 17 and 32 SMCs, and 8 and 15 ECs belonged to the high-and low-RP classes, respectively ( Fig. 2C ). There were no significant differences between the mean values of high-RP, low-RP and the high-RP/low-RP ratio between the SMCs and ECs (P > 0.05 for each case).
The membrane properties of typical high-and low-RP cells are quite different, as described below. In these studies, we defined the cells as typical low-RP cells only when the RP was _50 mV or less negative, and cells were defined as typical high-RP cells only when the RP was more negative than _65 mV. The 'intermediate RP cells', which had RPs between _50 and _65 mV comprised approximately 13.8 % of the total count. The properties of these cells were not studied systematically, but they Si, M. R. Lasarev and A. L. Nuttall 832 J. Physiol. 537.3 Figure 2. Two-peak Gaussian distribution of membrane RPs A, this 5 mV bin histogram of a total of 771 cells shows a bimodal distribution. The RP data are modelled as a mixture of two Gaussian density functions (curve), peaking at means of _41 and _74 mV, revealing two populations, called 'low-RP' and 'high-RP' cells, respectively. The population ratio of low-RP/high-RP cells is 0.48/0.52. B, the effects of preparation incubation time on the RP distribution. Density curves are based on data from the preparations incubated for less than 8 h (1st day, continuous line) and those incubated for 24-32 h (2nd day, dashed line). The low-RP/high-RP population ratio of the 2nd day preparations was significantly lower than that of the 1st day preparations. C, RP histograms of dyeidentified SMCs and ECs show a similar two-peak distribution. seemed indeed to show transitional properties between those of high-and low-RP cells (see below).
Responses of the high-and low-RP cells to high K
were strikingly different between the low-RP and high-RP cells (Figs 3 and 4) . In high-RP cells, high K + (7.5-50 mM) caused a concentration-dependent depolarization (n = 98). Figure 3A and B shows an example in which the membrane potential levels were almost linearly related to the logarithmic value of (Hille, 1992) . By using the same method, the calculated [K + ] i was 131 and 125 mM and the E K was _87 and _86 mV in two other cells.
On the other hand, 7.5-20 mM K + caused a hyperpolarization in 38 out of 42 low-RP cells (Fig. 4) . The remaining cells showed either a 2-10 mV depolarization (n = 3) or no response (n = 1). Application of a solution containing 30 mM K + or higher often produced a brief hyperpolarization followed by a depolarization beyond the control membrane potential (n = 6). A cumulative application of incrementally higher [K + ] o caused a hyperpolarization only at the wash-in of the first high K + solution (Fig. 4B) . The other high K + solutions each produced a depolarization to its immediately previous potential level. It is interesting to note the onset and the offset of the high K + -induced hyperpolarization. With a small [K + ] increase (7.5-10 mM), the onset of hyperpolarization was often tri-phasic: slow at the beginning; after a turning point, it became very fast (7.2 ± 1.1 mV s _1 , n = 11); and later a slow hyperpolarization (Fig. 4A,  labels 1, 2 and 3) . The slow-to-fast turning point was at _40 to _45 mV (n = 20). With a medium or high molar [K + ] (20-50 mM), the beginning slow onset phase was brief or even unnoticeable.
Ba
2+ (10-500 µM) depolarized all of the high-RP cells (n = 78, Fig. 3C ) to a level between _40 and _25 mV and increased the input resistance (also see Jiang et al. 1999 ), but only slightly depolarized the low-RP cells when 50 µM Ba 2+ was applied (6.8 ± 0.63 mV, n = 8). In the presence of Ba 2+ (10-50 µM), 10 mM K + caused either a small hyperpolarization (2-12 mV) or no potential changes in low-RP cells (not shown) and in the Ba 2+ -predepolarized high-RP cells (n = 4 and 7, respectively; 
Responses of high-RP and low-RP cells to ACh
Membrane responses to ACh were also different between the high-and low-RP cells (Fig. 5) . In high-RP cells, ACh (0.1-10 µM) always caused a concentration-dependent depolarization (n = 15; Fig. 5A ). The ACh-induced depolarization was usually slow in onset and offset, but a fast peak followed by a slow depolarization or other variable shapes were frequently seen (Fig. 5C ). The peak amplitude of depolarization induced by 10 µM ACh was 9.7 ± 2.2 mV (n = 17), and ranged between 3 and 33 mV. The ACh-induced depolarization was reduced by 50-70 % when the cells were depolarized to about _30 mV by 30 mM K + (n = 4; Fig. 5A ). The ACh responses, including the hyperpolarization in low-RP cells described below, were all blocked by 1 µM atropine.
In low-RP cells, ACh (0.1-10 µM) induced a robust hyperpolarization in all of the cells tested (n = 25). The amplitude of hyperpolarization induced by 1 and 10 µM ACh was 22.4 ± 2.5 mV (n = 9) and 30 ± 2.2 mV (n = 8), respectively. The ACh-induced hyperpolarization usually showed a fast phase in the wash-in onset and the washout offset. A fast notch was often seen at the beginning of the ACh-induced response, which divided the latter into a fast early hyperpolarization and a late sustained hyperpolarization (n = 6; Fig. 5B and C) . When the membrane potential of a low-RP cell shifted to a high level near the high-RP mean of _74 mV (Fig. 5C , and see below for details), the membrane response to ACh always became a depolarization (n = 10). The amplitude and waveform of the ACh-induced depolarization in these cells were not significantly different from those seen in the originally high-RP cells. It was noted that the peak of the ACh-induced depolarization often reached a level that was less negative than the maximum level of the hyperpolarization in the same cell (Fig. 5C, n = 4) , suggesting that the observed ACh-induced depolarization and hyperpolarization do not fit into a single voltagedependent reversal phenomenon; rather they probably involve different ionic mechanisms.
When the high-RP cells were predepolarized to about _40 to _25 mV by Ba 2+ (10-500 µM), ACh also induced a robust hyperpolarization in 35 of the 38 cells tested (Fig. 5A) , and a small (1-5 mV) depolarization in the remaining 3 cells. The amplitude of the hyperpolarization induced by 1 and 10 µM ACh was 16.6 ± 5.0 mV (n = 7) and 24.4 ± 1.3 mV (n = 9), respectively (Fig. 6 ). These were not significantly different from the ACh response induced in the originally low-RP cells without the presence of Ba 2+ (P > 0.6, Student's t test). The fast onset, offset and the notch were also seen in ACh-induced hyperpolarizations in the Ba 2+ -predepolarized high-RP cells (n = 6), but these features were usually less prominent (Fig. 5A ). ACh (10 µM) induced a small depolarization (< 2 mV, n = 3) and hyperpolarization (< 5 mV, n = 2) in the cells that had an 'intermediate' RP of _58 to _62 mV. 
Responses of SMCs vs. ECs to high K + and ACh
Dye-identified SMCs and ECs showed similar high K + and ACh response patterns to those described above, depending on their membrane potential levels, that were indistinguishable between the two cell types (Fig. 6 ). In SMCs, 18bGRA (25 µM), a putative gap junction blocker (Yamamoto et al. 1998) , almost completely suppressed the ACh-induced hyperpolarization (84.6 ± 4.2 %, n = 4, Fig. 6A ) and significantly reduced the ACh-induced depolarization (72.6 ± 6.4 %, n = 5, Fig. 6B ), but had no effect on the ACh responses in the ECs (n ≥ 4, Fig. 6C  and D) . On the other hand, the high K + -induced hyperpolarization in ECs (n = 3, Fig. 6C ), but not in SMCs, was blocked by 18bGRA. The compound 18bGRA itself caused a reversible depolarization in both SMCs and ECs of either RP level (10.8 ± 0.9 mV, n = 13), which is expected to enhance the driving force for the AChinduced hyperpolarization ( Fig. 6C ; also see Coleman et al. 2001) . 18bGRA caused a RP shift from the high to the low level in two ECs, but not in six other ECs. No RP level shifts were observed in the SMCs. These data support the notion that the ACh-induced hyperpolarization originates in ECs (i.e. the SMC membrane hyperpolarization induced by ACh is a spread of the EC response via electrically coupled channels; Yamamoto et al. 1998; Coleman et al. 2001) , whereas the high K + -induced hyperpolarization may originate from the SMCs.
Shift from the low-RP state to the high-RP state
A shift of the membrane potential of low-RP cells to a high negative level (_65 to _85 mV) for the remaining period of the recordings (10-120 min) was frequently observed (Figs 5C, 6B and 7). A spontaneous shift from the low-RP to a permanent high-RP level was observed in 27 cells after 8-67 min of initial recording (Figs 7E and 9C) . Such a shift was swift in its course, slower at the onset and the end, but fast in the middle phase, with an entire time course of about 4-7 min. The shift was more often triggered by a hyperpolarization caused by a 2-3 min application of high K + (10 mM; n = 48) or by ACh (1-10 µM; n = 26). In these cases, the wash-out recovery of the membrane potential was either aborted (Figs 5C, 6B and 7A) or not seen (Fig. 7C and D) . Rather, the RP further shifted to and stayed at a level near _74 mV in the remaining recording period. The input resistance of three cells was reduced to 6.2, 8.7 and 11.6 MΩ from the control levels of 16.0, 18.1 and 17.8 MΩ, respectively (Fig. 7A ).
The triggered shift was also observed after a brief (2-3 min) application of other hyperpolarizing compounds ( hyperpolarization (2-5 mV) in low-RP cells (n = 4) and never induced a permanent shift to the high-RP level. Ba  2+ (1-500 µM) caused a robust depolarization in high-RP cells to a low level from _50 to _25 mV (also Jiang et al. 1999) . The depolarization induced by 1-50 µM Ba 2+ was usually completely reversible after a 5-10 min wash (Fig. 3C) . When a low concentration (1-50 µM) was used, the Ba 2+ wash-in depolarization and wash-out repolarization were clearly tri-phasic: a fast phase and an overshoot appeared between an early and a late slow phase ( Figs 3C and 8A ), indicating that a regenerative process occurred in the mid-phase. The threshold for appearance of the fast depolarization was _63 ± 1.2 mV (n = 7, 50 µM Ba 2+ ). Moreover, in four cells, the RP shifted from a high level (_71 to _85 mV) and remained at a level of approximately _40 mV in the remaining 25-45 min recording time after the 50 µM Ba 2+ washout.
Shift from the high-RP state to the low-RP state
A shift from a high-RP state to a permanent low-RP state was occasionally observed in other cases (Fig. 8) . A depolarization induced by the Na + -K + pump current inhibitor ouabain (100 µM) in high-RP cells was often large (32.8 ± 1.8 mV, n = 10) and fully reversible after a 15 min wash. However, in four cells, the RP remained at a low level (approximately _40 mV) after 24-55 min washout. A permanent shift to the low-RP level in two high-RP cells was triggered by large consecutive excitatory junction potentials (EJPs) induced by perivascular stimulation (Hirst & Edwards, 1989; Jiang et al. 1999) . On the other hand, an application of Rp-cAMPS (10-20 µM), 4AP (1-10 mM), glipizide (1-10 µM), charybdotoxin (50-100 nM) and apamin (50-100 nM) all caused either a small depolarization (1-5 mV) or no membrane potential change in high-RP cells (n ≥ 4), but never caused a shift to the low-RP level. These compounds each caused a 3-10 mV depolarization in the low-RP cells (n ≥ 4). A spontaneous shift from a high-RP state, either of an initially high-RP cell or of cells that had shifted to this level from a low-RP level, to a permanent low-RP state was recorded only infrequently (n = 4; Fig. 8D) . A spontaneous oscillation between _75 and _39 mV was observed in three short-lived cells.
The responses to high K + and ACh of the cells that had shifted from high-to low-RP states, with or without Ba 2+ present, were almost always hyperpolarizations (Figs 3C, 5A, and 8B and C) . However, the amplitude and the onset and offset speeds of the hyperpolarization caused by 10 mM K + in cells with Ba 2+ present (Fig. 3C) were much lower than those seen in low-RP cells without the presence of Ba 2+ (Figs 4, 6A and C) .
In dye-identified cells, a low-to high-RP shift was observed in ECs (n = 9) as well as in SMCs (n = 7, Fig. 6B ) after a brief application of ACh or high K + . A high-to low-RP shift was seen in two of six ECs after 18bGRA administration.
Electrical coupling vs. the two RP levels
Simultaneous intracellular recording of two cells was conducted to detect the coexistence of the two distinct levels of RP and to estimate the intensity of electrical coupling between the cells in the proximal SMA segments conditions had a pattern of response to ACh or high K + that was not different from those seen in the single-cell recording mode described above ( Fig. 9C; i.e. dependent upon the RP level of individual cells). The electrotonic potential induced by a current pulse of up to 1.5 nA was detected not only in the current-injected cell, but also in the majority of non-injected cells when the pair of cells had a separation distance of ≤ 0.7 mm (14 out of 18), indicating the existence of electrical coupling. No electrotonic potential was detected in the non-injected cell when it was ≥ 0.8 mm away from the currentinjected cell (n = 6). The coupling ratio, defined as the amplitude of the electrotonic potential of the noninjected cell divided by that of the injected cell, was estimated to be 0.03 ± 0.01 for a separation distance of 0.34 ± 0.02 mm (range 0.2-0.4 mm, n = 13). The coupling ratio was 0.021 ± 0.01 (n = 3), 0.058 ± 0.038 (n = 3) and 0.013 ± 0.004 (n = 7) for low-low, high-high and low-high RP pairs, respectively. No statistical significance was found for the mean differences (P > 0.3, Student's t test). The recorded pairs were identified as SMC-SMC, SMC-EC and EC-EC combinations (n > 3 each), but no efforts were made to compare the coupling ratios between the different combinations because, based on the cellular architecture of the arterioles (Sandow & Hill, 2000) , all three coupling combinations are likely to be included in the current pathway between each pair of cells recorded with such separation distances.
DISCUSSION
Low RP is a functional state, rather than a mechanical artifact The low RP in nearly half of the cells sampled is unlikely to be an artifact due to a mechanical injury or a lessthan-ideal electrode tip localization for the following reasons. (1) High-RP and low-RP cells could be recorded simultaneously or consecutively in the same preparation within 0.1-0.2 mm, which would be unlikely if part of the vessel were injured by dissection. (2) The low-RP cells can maintain a RP level near _40 mV for more than 2 h, during which time robust reversible hyperpolarizing responses to high K + and ACh (Figs 4, and 6A and C) were observed, indicating a high quality of recording. (3) The input resistance of low-RP cells was about double that of the high-RP cells in the same preparation. A mechanically injured cell or one poorly sealed with the electrode is expected to be leaky at its membrane and have a low input resistance. (4) Randomly sampled cells showed a bimodal Gaussian distribution rather than a single Gaussian distribution, with a base skewed in the less negative direction. The latter would have been expected if variable degrees of penetration injury or an imperfect seal did cause a reduction in the RP. (5) Many examples of fast shifts between the low-and high-RP levels support the concept that a RP at the intermediate level (_50 to _65 mV) is usually unstable, tending to move to either Figure 9 . Dual cell membrane potential recordings from the SMA A, this schematic drawing of the experimental settings for B depicts the current pulse injection (1 nA, 2 s) into either cell (electrode (E)2 for cell a, and E1 for cell b) by balanced bridge mode. The SMA segment was 5 mm long. B, the current induced a large electrotonic membrane potential in the injected cells (left, 9.8 mV in cell a; right, 11.6 mV in cell b) while producing a small electrotonic potential in the other cell, revealing a coupling ratio of 14 and 13 % in left and right cases, respectively. Note that the traces of cell b, but not of cell a, were low-pass (3 kHz) filtered. All traces are an average of three sweeps. C, another pair of cells 0.5 mm apart initially exhibited a high RP (cell a) and a low RP (cell b) and different responses to ACh. After a shift of RP from a low to a high level (curved arrows) in cell b, the two cells showed similar responses to 10 mM K + and ACh.
the low or high levels. (6) Micrometre movement of the electrode never caused a fast shift of the RP from one state to another. This renders it unlikely that a low RP is due to poor electrode localization. Taken together, we may rule out the possibility that a mechanical factor caused an artifactually low RP in a group of cells sampled. Instead, in addition to the group of SMCs that have a stable high RP, there exists a group of cells that have a stable low RP in the in vitro SMA preparation.
As spontaneous and neurohumoral-evoked shifts between low-and high-RP levels were often encountered, low-and high-RP cells seem to be anatomically indistinct, in contrast to the case of the striatum where a cholinergic neuron group with low RPs is cytologically distinguishable from the GABAergic high-RP principal cells (Jiang & North, 1991) . The dye-identified SMCs and ECs both having two levels of RP further supports the idea that most, if not all, cells in the in vitro SMA appear to have two exchangeable resting states; when the neurohumoral environment of the vessel changes, the proportion and distribution of the cells in the two states may vary. Interestingly, the mean RP level of the low-RP cells (_41 mV) is very close to what has been found in arteries pressurized to about 60 mmHg (Dietrich & Dacey, 1994; Knot & Nelson, 1995) , and arteries in in vivo conditions (Welsh & Segal, 1998) . We also observed that low-RP cells were more prevalent in newly dissected tissue (1st day preparation), while significantly more high-RP cells were seen in the 2nd day preparation. This evidence seems to suggest that in the SMA, the low-RP state, rather than the high-RP state, is closer to the natural physiological status.
Role of K ir in setting the two RP states
The high-RP level near _74 mV is likely to be due to highly activated K ir channels in these cells, whereas the low-RP level is due to a lack of K ir activation. The high-RP cells had a situation similar to that found in guineapig submucosal arterioles and the proximal segments of rat cerebral arterioles in vitro . In addition to our previous report that the current-voltage relationship in the high-RP cells always showed an inward rectification (Jiang et al. 1999) , the present results showed that: (1) 1-50 µM Ba 2+ , a concentration that selectively blocks the K ir (Hirst & van Helden, 1982; Quayle et al. 1997) , caused a consistent large depolarization reaching the low-RP level near _41 mV, (2) the barium-induced depolarization showed a regenerative fast time course in its onset and offset, which is what can be expected from the voltagedependent feature of this channel, and the channel is the dominating conductance in a cell, although a role for a voltage-dependent Ca 2+ channel in the regenerative depolarization remains to be excluded, and (3) the high-RP cells had a lower input resistance than the low-RP cells, but this input resistance could be raised by Ba 2+ to that of the low-RP cells (Jiang et al. 1999) . Taken together, our data support the idea that K ir is highly activated in the high-RP cells under in vitro baseline conditions. The lack of K ir activation in low-RP cells is evidenced by the following results. First, these cells had a RP near _41 mV, which is far less negative than the reported activation threshold for K ir in an [K + ] o of 5 mM Hirst & Edwards, 1989 (Doupnik et al. 1995 ). The membrane potential would then move towards the E K , which is estimated to be more negative than _67 and _49 mV in 10 and 20 mM K + , respectively (Hille, 1992) . In this respect, it has been reported that in dispersed single SMCs, an elevation of [K + ] o causes augmentation of the maximum K ir conductance and a shift of the K ir activation voltage towards a less negative value (Quayle et al. 1996) . Finally, when low-RP cells shifted to a high-RP state, 50-100 µM Ba 2+ depolarized them to a level comparable to that of the low-RP cells.
Several other ionic channels have been reported to contribute to the resting membrane conductance of arterial SMCs and ECs. Our result showed that 4AP, glipizide, apamin and charybdotoxin all induced a depolarization in low-RP cells, whereas they had little effect on high-RP cells. This suggests that under basal conditions, K DR , K ATP and K Ca each play a minor role in maintaining the RP, but have little contribution to the setting of the high-RP state. The non-voltage-dependent K + (K non-V ) channel in renal arcuate artery is partially sensitive to Ba 2+ (> 100 µM) but not to any known K + channel blockers (Prior et al. 1998) . This makes it difficult to assess its role in the setting of the low-RP state in our preparation, but the channel seems to provide little contribution to the high-RP state because 10-50 µM Ba 2+ was often sufficient to depolarize the cells to beyond _41 mV. Ouabain caused a significant depolarization or a shift to the low-RP state in high-RP cells (Fig. 8B) . A plausible interpretation seems to be that the pump current is an important element that assists the maximum activation of the K ir rather than itself setting the high RP, because when K ir is blocked by Ba 2+ , abnormal activation of the pump by high K + never caused a shift of the RP back to the high level (Fig. 3C) . Finally, the role of stretch-activated channels in the setting of the RP level remains to be tested. This mechanically sensitive channel has a reversal potential near _15 mV (Setoguchi et al. 1997) . It is possible that the unpressurized condition of our vessel preparation might have deactivated this cation channel, which permitted a full activation of the K ir and thus caused a high-RP level.
Nonetheless, it is obvious that K ir remains the key element in the setting of the high-RP level.
Moreover, it appears that the original low-RP and high-RP cells may have similar amounts of K ir channel molecules because the great majority of originally low-RP cells in our study showed a hyperpolarization response to high K + , and some of them could shift the RP to a level not different from that of the original high-RP cells. However, the high K + -induced hyperpolarization in ECs is blocked by 18bGRA, suggesting that at least some of the ECs in the SMA express fewer or no K ir channels, or that their K ir is less sensitive to [K + ] o elevation. Consistent with this notion, we did find that two ECs shifted their RP from a high level to the low level after 18bGRA application.
What makes K ir stay non-activated or activated?
Keeping K ir non-activated in low-RP cells under baseline conditions appears simple: the cell's much less negative RP will itself result in a great Mg 2+ /polyamine block to the channel (Doupnik et al. 1995) , while the membrane potential is determined according to the GoldmanHodgkin-Katz equation by other K + channels, Na + , Ca
2+
and Cl _ conductances and the ionic concentrations on both sides of the cell membrane (Hille, 1992) . However, a barium-induced depolarization to or beyond the level of _41 mV usually recovered completely to the control level of a high-RP cell upon Ba 2+ washout, suggesting that depolarization alone is not sufficient to prevent K ir from reactivating after wash-out of Ba 2+ .
A permanent shift from a low-to a high-RP state can be triggered by the K ir and Na + -K + pump activator high K + , the K Ca activator ACh (Jiang et al. 2001 ) and the K ATP activators pinacidil and NO (Si et al. 2001) . Since these triggers have in common a large membrane polarization, it seems to suggest that the hyperpolarization itself is a key factor to invoke the maximal K ir activation and keep it activated. This is consistent with the unique voltage dependency of this channel: suprathreshold hyperpolarization opens the channel and thus increases the efflux of K + ions. The voltage and the increased extracellular K + ion cause further K ir channel opening, Na + -K + pump activation and thus hyperpolarization (Edwards et al. 1998 ). This positive feedback or regenerative process will continue until the membrane potential moves near E K , where a net K + flux becomes zero. Once a RP is hyperpolarized near E K by the dominating K ir , any minor alteration of K + conductance will become ineffective in changing the membrane potential because of the small driving force for K + . Hyperpolarization also deactivates voltage-dependent Ca 2+ channels in the vascular SMCs (Nelson et al. 1990; Knot & Nelson, 1998) . Taken together, it seems reasonable that fully activated K ir and the high RP form a state with good stability. However, in many cases, an induced regenerative hyperpolarization in the low-RP cells recovered to control levels upon wash-out of the agents (e.g. K + , ACh), suggesting that a hyperpolarized membrane potential alone is not sufficient to keep the K ir activated. One may argue that the recovery is due to the hyperpolarization not being large enough. This is not often the case ( Figs 5B and 8C) ; moreover, in cells that shift spontaneously from a low-RP to a high-RP state (Fig. 7E) , no pre-shift hyperpolarization seemed to have been required.
Taken together, there must be some factor(s) assisting or inhibiting the activation of K ir , or some modulating process(es) directly regulating the activation or inactivation of K ir . This is further supported by our data that the 2nd day SMA preparations contained more high-RP cells than the 1st day preparations. In this respect, the second messengers cAMP and cGMP have been implicated in the positive modulation of vascular K ir , K ATP , K DR and K Ca via protein phosphorylation (Schubert et al. 1996; Wellman et al. 1998; Feletou & Vanhoutte, 1999) . Application of 8-bromo-cAMP failed to cause a shift from the low-RP to the high-RP state. Furthermore, the protein kinase I and II inhibitor Rp-cAMPS failed to shift cells from a high-RP to a low-RP state, suggesting that the cAMP-dependent protein phosphorylation pathway does not play a significant role in the shifting or maintenance of the RP state. Several other tonic RP-regulating mechanisms, such as cytosolic levels of cGMP, Na + and Ca 2+ , stretchactivated channels, and the electrogenic Na + -K + -ATP pump remain to be investigated.
Two RP states vs. electrical coupling
The simultaneous existence of two distinct levels of RP in SMA cells that are physically close to each other extended the observations that the RP in guinea-pig heart arterioles also shows a bimodal distribution that peaks at _23 and _61 mV (Klieber & Daut, 1994) . It is a general concept that the steady-state membrane potentials of the cells in an electrically well-coupled tissue are uniform, and the length of arteries or arterioles can be treated as an electrical cable with a length constant (g) of 0.3-1.5 mm (Hirst & Edwards, 1989) . Our observations raised the question of how well the SMCs and the ECs in the SMA are electrically coupled. The multiple EC labelling (Fig. 1B) , the reciprocal spread of electrotonic potentials in dual-cell recording (Fig. 9) , the myoendothelial spread of the evoked EJP (seen in almost all cells recorded; Jiang et al. 1999) , and the endothelio-muscular conduction of ACh-induced hyperpolarization (Fig. 6 ) all indicate that the SMCs and the ECs in the SMA are electrically coupled. However, our data indicate that the coupling strength is heterogeneous and rather poor in the SMA. First, we found that the coupling ratio between two cells that werẽ 0.3 mm apart was about 0.03, which is substantially smaller than what would expected from the reported g values (0.37-0.82; Hirst & Edwards, 1989) in lengthy vessel segments (≥ 4g on each side of the current-injecting electrode). In short vessel segments (e.g. ≤ 1g), based on the cable theory, even higher coupling ratios should be expected (Hirst & Neild, 1978) . Second, in four pairs of cells that were 0.3-0.4 mm apart, a zero coupling ratio was detected, indicating that a coupling heterogeneity exists in the SMA. Finally, a voltage-gating of the gap junction channel conductance has been reported in a number of tissues or cultured cells (He et al. 1999) . It is possible that a large voltage gradient between the lowand high-RP cells may also play a role in reducing the intercellular conductance at the high-RP/low-RP cell interfaces. Taken together, our data suggest that the cells in the SMA are poorly and heterogeneously coupled, and caution needs to be taken when using the electrical cable theory to predict the voltage distribution in arterioles like the SMA. For instance, Weidelt et al. (1997) also reported that the cells in rat small mesenteric arteries are poorly or even not electrically coupled.
Functional significance
The finding that there are two levels of RP set by all-ornone-like activation of K ir in the vascular SMCs may have physiological and/or pathological significance. Such allor-none behaviour of the K ir in the SMA suggests that this channel forms the dominating resting conductance in the high-RP state and that it plays an enhanced role in the regulation of [K + ] o and in the autoregulation of cochlear blood flow. It has been demonstrated that K ir plays an important role in the regulation of these parameters in the cerebral and coronary circulation Knot et al. 1996) . The reported gain of autoregulation in the guinea-pig cochlea is 0.76 (Brown & Nuttall, 1994) vs. 0.14-0.38 in normal rat cerebral blood vessels (Osol & Halpern, 1985) , which seems to be consistent with this contention. If this is true, it would be interesting to determine whether K ir is also a dominating resting conductance in coronary and kidney arteries, and whether the cells there have bi-stable RP levels, since these vessel beds also have a high gain (0.7 and 0.81, respectively) in autoregulation (Tani et al. 1990; Hinojosa-Laborde et al. 1991) . The bimodal RP distribution in guinea-pig heart arterioles supports this hypothesis (Klieber & Daut, 1994) .
In conclusion, the RPs of the SMCs and ECs in the guineapig in vitro SMA are not uniform, but instead are composed of two stable levels near _40 and _75 mV. The RP level is set mainly by activation (_75 mV) and lack of activation (_40 mV) of the K ir channel. Cells at one RP level may shift to another RP level in response to a change in the cellular environment, but the subcellular mechanism underlying such a shift and maintenance of the RP levels remains uncertain. This membrane property may have significance in neurohumoral control and in the autoregulation of local blood flow. JIANG, Z. G. & NORTH, R. A. (1991) . Membrane properties and synaptic responses of rat striatal neurones in vitro. 
